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ABSTRACT
SAMPLING AND CLASSIFICATION OF TREE HOLES WITHIN A
NORTHEAST TEMPERATE FOREST SYSTEM
by
Colleen M Didas
University of New Hampshire, May, 2009

Tree holes are water filled depressions on trees and harbor macroinvertebrate
communities; they often serve as microcosms in studies of population dynamics,
competition, and fungal decay of leaf litter. Quantification of tree hole prevalence
and incidence in forest stands is lacking in the current literature. This study
examined factors influencing tree hole occurrence and the types and formations of
tree holes in northeastern forest stands. Modeling was used to correct for nondetection and estimate the abundance of tree holes on a per-hectare basis. Mixedeffects logistic regression was used to predict tree hole occurrence. Tree species,
stand basal area, and diameter at breast height were the most influential model
predictors. Rot holes were the most common types of holes and both pans and rotformed holes developed a rot lining. Tree holes occurred almost exclusively on
hardwoods, specifically maple species, and results are associated with northeastern
forest composition.

IX

INTRODUCTION

Tree holes, depressions in trees that can fill with water and leaf litter (Yee and Juliano
2006), are both important and useful in ecological studies. They most often serve as
discrete ecosystems and microcosms (Carpenter 1983) to examine species competition
(Bradshaw and Holzapfel 1992), community dynamics (Bradshaw and Holzapfel 1983;
Srivastava and Lawton 1998; Yanoviak 1999a), detritus (Paradise 2004; Fish and
Carpenter 1982) and mosquito habitat (Srivastava 2005). Increasingly, tree hole
importance is being emphasized by the juxtapositions of tree-hole inhabiting mosquitoes
as vectors of infectious disease and the latitudinal shifts of hardwood species, as well as
the identification of encephalitis in human populations. Tree holes are believed to be
globally ubiquitous (Bradshaw and Holzapfel 1992) and are classified as phytotelmataplant-held waters (Kitching 1969). The research utilizing tree holes has been extensive
and broad in both scope and application; however, there is a dearth of literature
documenting occurrence, species proclivity, as well as an efficient and tested method of
sampling. The current research utilizing tree holes as a method of study or a tool in
research design most often utilizes artificial tree holes and stresses the need for additional
information about their locations in forest stands and how to locate them (Srivastava
2005; Ellis 2008).
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This thesis presents the results of a study that incorporated a sampling method most
traditionally used in wildlife studies to forest sampling to quantify the abundance of tree
holes in New England forest stands. The research presented gives a spatial analysis of
tree hole occurrence and modeling applications within the context of northeast managed
and unmanaged young, middle-aged, and old growth forests. Chapter I presents an
innovative application of distance sampling to model tree hole detection as a function of
included covariates, or influencing factors, that determine abundance Within a selected
area. Chapter II is a study of the abundance of tree holes, with the applications and
determinations from sampling analysis. A mixed effects logistic regression model was
Used to determine the most common species for tree holes and make predictions about
influencing stand factors. The results will help in experimental design in searching for
these items of interest and will give added depth and modeling capabilities to ecological
studies that employ tree holes for microcosm and disease vector studies. The applications
of the distance program sampling in forest systems demonstrates a new method of
sampling that can be used for cavity trees and various tree formations that influence
recognition of forest economic factors.
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CHAPTER I

ASSESSMEMENT OF TREE HOLES USING DISTANCE SAMPLING: A NEW
APPROACH WITHIN NORTHEAST FOREST STANDS

Introduction

The benefits of time and cost efficiency in forest mensuration processes have
pushed for more innovative and often inter-disciplinary applications for sampling and
modeling. Researchers who have utilized tree holes in their study methodology have
often implemented survey or census for their detection (Yanoviak 2001), or have a lack
of documented methodology (Srivastava and Lawton 1998; Yanoviak 1999b; Paradise
2004), which demonstrates a need for consistent, accurate and reliable sampling methods.
Tree holes have become an effective tool in ecological studies due to applicability of
population studies on a small and easily manipulated scale (Srivastava and Lawton 1998;
Fish 1982; Yanoviak 1999a; Yee 2006) and their increasing importance in infectious
disease and vector ecology (Ellis 2008; Schaeffer at al. 2008), so better sampling and
quantifiable methods are essential for future studies. In this study, distance sampling and
3

modeling were used to determine estimates of the density of tree hole population, a
concept that is integral to the study of ecology in examining the distribution and
abundance of plants and animals and environmental interactions (Buckland 1992).
Distance sampling has primarily been used for wildlife studies, and is used to
obtain a number of objects per unit of area as a fundamental parameter of interest. The
density estimate of objects within a specified region is then multiplied against the total
area of the surveyed region to obtain a total population size (Burnham and Anderson
1984; Burnham et al. 1985). Distance sampling and the subsequent model analysis is
built on the premise that the detection of an object decreases the further that object is
away from the observer (Buckland et al. 2001). Consequently, distance sampling has the
potential to be ah appropriate application for sampling within forest stands where
detection of an object of interest can be influenced by multiple stand factors such as
distance, but also including basal area, vegetation, or stem formation. Thus, distance
sampling can be applied to tree holes and modeling and abundance estimation can be
performed. Time and cost efficiency can be maximized when appropriate sampling
design allows for application on a larger spatial scale. This application of distance
sampling for tree holes will also allow for the reduction of non-sampling errors, which
would otherwise increase the overall error (Husch et al. 2003).
Distance sampling contains three key assumptions, the first being that objects
directly on the line or point are always detected. Also assumed are that objects are
detected at their initial location and that distances are precisely measured (Buckland et al.
2001). Applications for distance sampling in forest systems with stationary objects have
the potential to have less violation than active wildlife of these assumptions; objects, as
4

static entities, can be searched for on the line without concern that the object will depart
when disturbed (as in the case of some wildlife); objects will only have one location at
which to be detected and this can consequently be accurately measured. Distance
sampling also operates based on the detection function, which presents f(y) = the
probability of detecting an object, given that it is at distance y from the random line or
point; = pr{detection | distance y}, and data taken on this are at perpendicular distances, xt
(Buckland etal. 1997).
Line transect sampling is one method of distance sampling application. Within
wildlife abundance estimates the perpendicular distance x for each object detected and is
then used to supply an estimate of the number of objects within a fixed area (Buckland
1985). However, when object density is low, small sample sizes may preclude
stratification or result in biased estimates of f(0). Inclusions of covariates are used to
help predict heterogeneity within the dataset and obtain more accurate estimates
(Marques and Buckland 2003).
Distance sampling and model selection are most frequently implemented through
Program Distance software (Thomas et al. 2005), with analysis by conventional distance
sampling, mark-recapture distance sampling, and multiple covariates distance sampling
(Marques 2001; Marques and Buckland 2003). The multiple covariates engine is the
most applicable engine for forestry applications as the model design because the key
function and adjustment term allows for multiple covariates into the scale parameter of
the key function, via a log link function. While distance modeling was built around the
concept that detection is largely influenced by distance from the line, there are often other
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variables that affect the detection probability (Marques and Buckland 2003). The key
function uses one or more parameters to improve the fit of the model to the distance data,
g(y) = key (y) [1 + series (y)]
Covariates are assumed to influence the scale of the detection function, but not its shape
(Thomas et al. 2005) and their inclusion improves estimates and other factors influencing
detectability (Marques and Buckland 2003). Within the multiple covariates distance
modeling, there are two possible functions allowed, the half normal key function,
expj-x 2 /2a(z) j ,
and the hazard rate function,

\-exp{-[x/cr(z)rb},
for which the scale parameter is modeled as an exponential function of the covariates and
q is the number of covariate parameters,
a(z) = exp(j30 + J3xzx + fi2z2 +...Pqzq)
The detection model is used to give density estimations, (Buckland et al. 2001), by
applying the detection objects as a proportion of all objects within a sampled area, and
density is estimated by,

2wLPa •
n = objects; w = width; L = total length surveyed;
P = unknown proportion, a = area sampled

with w being the maximum distance at which all objects were sampled on either side of a
transect line.
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Multiple models can be generated from the data; however, the selection of best
model is based upon Akaike's Information Criterion (Akaike 1985). The AIC shows a
simple relationship between the maximized log-likelihood function and the estimated
mean and provides a quantitative method for model selection, where the preferred model
is usually the lowest generated value (Buckland et al. 2001). However, model selection is
the process of identifying the best approximating model, understanding that the true
model is not likely to exactly known (Buckland et al. 1997).

Major Objectives

Distance sampling and application are used to determine major factors influencing
the detectability of tree holes in different types of forest stands. This paper presents an
application of distance sampling outside the traditional bounds of wildlife population
estimates. The sampling methodology was designed explicitly for tree holes and
provides a standard and consistent field technique that can be applied to future studies
that utilize tree holes as a predominant part of the research. Abundance of tree holes after
correction for non-detection can also be measured with the use of this sampling and
modeling function. The results of this study will demonstrate novel approaches to forest
sampling that give accurate abundance estimates and can pilot other forestry studies, such
as those examining factors that influence timber economics, wildlife habitats, or species
specific inventories. Additionally, use of distance analysis could give greater time and
cost efficiency for sampling.

7

Methods

Field Methods

Study Sites
Study sites were selected throughout four New England states to supply a
comprehensive range of stand types and tree species demographics. Selected forest stands
incorporated old growth forest, medium-aged managed and unmanaged stands, early
growth stands, and incorporated a broad range of silvicultural practices. The sites ranged
from locations in northern New Hampshire to the northwestern corner of Connecticut,
including Maine and Massachusetts (Figure 1.1). Sites in New Hampshire were the
Bartlett Experimental Forest, Nancy Brook and The Bowl Research Natural Areas, Bear
Brook and Pawtuckaway State Park, and four University of New Hampshire Woodland
Properties. The Maine study sites of Mount Agamenticus, Massabesic Experimental
Forest, Orris Falls Conservation Area and portions of the York Water District were all in
the southern portion of the state. Also included in the study sites were Wachusett State
Reservation of Massachusetts and the Yale-Myers Forest of Connecticut.
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Nancy Brook Research Natural Area (I)
Bartfett Experimental Forest (2)
The Bowl Research Natural Area (3)
Massabesic Experimental Forest (4)
Orris Falls Conservation Area (5)
Mt. Agamenticusfcjl
York Water District (7)
Bear Brook State Park (&)
UNH Woodlands (9)
Pawtuckaway State Park (10)
Wachusett State Reservation (It)
Yale-Myers Forest (12)

Figure 1.1. Map of New England depicting study site locations
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The Bartlett Experimental Forest (BEF) (44 O'N, 71 22.5 W) is a 1052 hectare
tract of northern hardwoods in the White Mountain National Forest (WMNF). It includes
a permanent plot network of 500, quarter-acre plots that are used for experimental
purposes such as single-tree selection, diameter-limit cutting, group selection,
clearcutting, shelterwood, and thinning. The upper most slopes are least impacted and
support stands of red spruce and balsam fir. The lower third portion had most of its
desirable timber harvested and logged by 1900 and some portions cleared for pasture.
The primary forest cover type is the sugar maple-beech-yellow birch type, although
beech bark disease has caused substantial damage within its population. Even-aged stands
of red maple (Acer rubrum), paper birch (Betula papyrifera), arid aspen (Populus spp.)
occupy sites that were once cleared. Eastern white pine (Pinus strobus) is predominantly
found in the lower elevations, and softwoods such as hemlock (Tsugaspp.), balsam fir
(Abies balsamea), and spruce (Picea spp.) are commonly mixed with hardwoods,
especially on cool steep slopes or on the poorly drained soils at lower elevations. The
northerly elevation of BEF largely precludes stands of oak (Quercus spp.) and causes
some southern species to be absent even though their range is farther north at sea level.
The area marks the northernmost reach of several species in northern hardwood and
eastern deciduous forest stands within North America (Gemborys 1996).
The White Mountain National Forest also contains the Nancy Brook Research
Natural Area and The Bowl Research Natural Area. Nancy Brook is comprised of 1385acres dominated primarily by old-growth red spruce (Picea rubens) and balsam fir (Abies
balsamea) virgin forest on steep slopes with deep boulder colluviums. It includes the
summits of three mountains, with elevation ranging from 579m to 1197m. There are
10

some of the largest tracts of virgin forest in the Northeast and the species composition is
of Spruce-Fir and Northern hardwood forest. The Bowl (N43°56\ W 71°23') is a 1500acre tract of land located in the valley formed by three mountains. The Research Natural
Area is a southern 509-acre portion of The Bowl that contains virgin forest with trees of
400 and greater years of age. The Bowl is part of a hemlock-white pine northern
hardwood region with little to no evidence that that it has been subjected to
anthropogenic or recent natural disturbances (Gemborys 1996). At the higher elevations
spruce and fir dominate and the only disturbances seem to be windthrow (Martin and
Bailey 1999).
Bear Brook State Park (BBSP) in Allenstown and Pawtuckaway State Park
located in Nottingham and Deerfield are portions of the Merrimack Valley region in
southern New Hampshire. BBSP is a 10,000 acre portion of predominantly unfragmented
forest near Manchester, NH, and it is used primarily as a recreational facility.
Pawtuckaway State Park is 5500 acres and the western portion of Pawtuckaway
Mountains comprise a 'ring-dike', the remains of an ancient volcano giving rise to a high
level of diversity of plant species and natural communities. The eastern section of the
park encompasses the lowlands, mountains and lake. Within the forest, eastern hemlock
{Tsuga canadensis), American beech (Fagus grandifolid) red oak (Quercus rubra), and
white pine (Pinus strobus) are the primary tree species, with hemlock and beech
becoming more prominent in older stands (Bear-Paw Regional Greenways Conservation
Plan2008).
Thompson Farm, College Woods, and East Foss and West Foss Farm are
University of New Hampshire Woodland properties within Durham, NH, and Mendum's
• 11 '

Pond is located in the township of Barrington, NH. Thompson Farm (N 43° 06.535', W
70 56.912') is comprised of 292 acres, 66% of which are forested. All upland areas of the
property were characterized by the oak/hickory/white pine broad type matrix community
(Perron 2004a). College Woods is a 250 acre plot of land composed of woods, streams,
and fields, located on the western edge of the UNH campus, and contains a 64-aere
Natural Area that has been under preservation since 1961. Timber harvests have been
conducted in portions of College Woods, excepting the Natural Area, to fulfill
management objectives (UNH Woodlands 2006). East Foss Farm (EFF) (N 43 ° 07.373',
W70° 56.231') is 154 acres, predominantly forested (Perron 2004b), and is adjacent to
West Foss Farm (N 43 ° 07.302', W ° 70 56,664') (Perron 2004c). The Foss Farms were
once pastureland, as indicated by the numerous stone walls throughout the properties;
succession has given way to northern hardwood communities. These properties are
within the Gulf of Maine Coastal Lowland Subsection, and the upland areas are
characterized by oak-hickory-white pine or a northern hardwoods broad type (Perron
2004c). Mendum's Pond is highly used recreational tract of land interspersed with roads
and surrounded by residential lands. The forest composition is primarily red maple (Acer
rubrum), red oak (Quercus rubra), black birch (Betula lenta), and white pine (Pinus
strobus) (Perron 2004d).
Massabesic Experimental Forest is a federally managed forest with separate
northern and southern portions whose total 3600 acreage is located within the limits of
Alfred and Lyman, Maine. The forest is predominantly rolling land, with a maximum
elevation of 137 m above sea level. Overall, stand age post-dates 1954, where
approximately 3000 acres were completely destroyed by 1947 wildfires and subsequent
. 12 •

1950 and 1954 storms. Immediately after the fire, plantations of red and white pine were
established and research on birch regeneration followed. The oak-pine forest is
interspersed with diverse wetlands associated with three rivers and numerous streams,
ponds, and swamps. The northern unit, almost entirely burned in 1947, has regenerated
to hardwoods. Grey birch, paper birch, and soft maple are being replaced by later
successional hardwood species. The northern unit also has scattered white pine
regeneration and white-red-pine plantations. The Southern Unit has large-unburned
segments that appear to be relatively undisturbed. Some of the burned areas on this unit
were planted to pine and the rest has regenerated to hardwoods or mixed stands of
hardwoods and conifers. There are stands of large white pine and hemlock or white pine
and red pine that were planted in the 1960s, stands of pitch pine, and some established
areas of test plantings of hybrid poplars. Also highly notable is a southeast to northwest
drainage that supports a large stand of Atlantic white cedar (Massabesic Experimental
Forest 2006)
York Water District and Orris Falls Conservation Area Great Works Regional
land Trust (OFGWRL) are also located in southern Maine, as a part of the Mt.
Agamenticus Conservation Region that covers 30,000 acres in the southern portion of
Maine. Within this area the northern species of spruce and fir interface with the more
southern species of chestnut oak (Quercus prinus) and shagbark hickory (Caryaovata)
(Mount Agamenticus 2008). The York Water District has pockets of later successional
hardwoods and conifers that have not been subjected to logging (York Water District
2008). Orris Falls is part of a local land trust in the communities of Berwick, Eliot,
Ogunquit, and Wells and whose 150-acres contain mid-successional hardwoods and
13

remnants ofan old farm. Mount Agamenticus is the predominant mountain located
within the conservation region, with steep slopes and a broad array of species
compositions (Great Works Regional Land Trust 2008).
Wachusett Mountain State Reservation (42°28'.N, 71 °53' W) is located in north
central Massachusetts and composed primarily of transition hardwoods, white pine, and
hemlock. One of the largest old-growth forests was recently discovered on the exposed
upper slopes of the mountain (Orwig etal. 2001). Yale Myers Forest is a 7*840 acre
tract of land in Eastford, Connecticut. The forest composition is a central hardwood cover
and contains extensive stands of pine and hemlock. The area encompassed by the Yale
Forests includes almost all of the topographical and soil conditions, site classifications,
and cover types found in New England. The Yale Forests are maintained as working
forests, which includes selling timber and non-timber forest products from the land (Yale
Myers Forest 2008).

14

Field Sampling

I used two methods for selection of transects at all of the field sites,
predetermined point selection and on-site point selection. I used predetermined point
selection when detailed and accurate maps were available, which contained identifiable
waypoints and most often a distance legend. I generated random x-y coordinate points,
overlaid the map with a grid, and used the random coordinate points as the center point of
sampling transects. Randomly selected points were discounted when they were located in
an open field or clear-cut or in large bodies of water, when sampling would not be
feasible.
I used on-site point selection to establish a transect grid in the event of ineffective
or nonexistent maps. Grids were established in a 2-transect x 2-transect or a 2-transect x
3-transect or larger matrix, given enough area within the selected stand (Figure 1.2).
Adjustments were made in the event that there was not enough width for a 2x3 grid or
that formations precluded sampling -such as a water body- so that transects fit in the
selected area, but were still the determined distance apart. Transects were 50 meters
apart on an east-west trajectory and a 100 meter aspect on a magnetic north-south
trajectory. I altered the grid size in the largest stands to have a horizontal distance of 100
meters between plot centers.
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(a)

(b)

Figure 1.2. Two methods of grid structure of transects; (a) a customary transect in a
2x3 matrix; (b) a modified grid when a water body prohibited transect establishment of
some transects. Each line represents a single transect and the three points (N, C, S) are
omitted. Figure not to scale.
I used the randomly or grid-established selected point as the center of a 40 meter
(m) transect, oriented on a north -south trajectory. In the event that 20 m in either
direction from the central point encountered a boundary (boundary being defined as
forest edge as it meets a clearing, land boundary, or water boundary), the boundary slop
over technique was conducted (Ducey et al. 2002). In this manner, the transect was
measured up to the boundary edge. The difference from the required 20 meters in that
direction was then measured from the center point in the opposing direction and then
used as the end point from which data tallies and measurements were taken. All
directions were also oriented in a north-south trajectory for the boundary slop-over. At
each of the then established three points (North Point, Center Point, South Point)
horizontal point sampling to obtain overstory characterization was performed with a
prism basal area factor of 4m. Horizontal point sampling allows the observer to tally
trees using an angle gauge. Tree selection is proportional to tree basal area (Husch et al.
16

2003). All trees were tallied, with standing dead trees measured in the same manner as
live trees. All trees considered 'in' were recorded for live or dead, species, and diameter
at breast height. All stems, live and dead, were included in prism sampling so that the
overstory estimates included all stems and could then be used with the intention of
modeling tree hole detection, with all stems necessary for inclusion as possible
covariates.
I located tree holes within 15 meters to the right and left of the transect line through
visual identification by walking through sampling area on a north south trajectory. Only
tree holes within 0-2.0 vertical meters of the ground were defined as being within bounds
and were recorded and classified. Tree hole definitions and classifications were based on
existing literature (Kitching 1971) as a concave depression or opening in the trunk or
stem of a tree, with notation whether it was a pan or a rot hole. As per Kitching's
definitions (1969; 1971), a pan was given initial classification as haying a bark lining
occurring in part of a tree formation, such as in the junction of multiple stems. A rot
hole, as defined by Kitching (1969; 1971) was as a hole in the tree that was outlined by
bark and rot has caused a depression. If the tree hole varied from these definitions,
careful notes were made as to the details of formation and lining. Cavity trees, per
definition, were excluded from this study. To obtain more classification parameters and
clarify existing designations, a detailed description of the tree hole characteristics was
performed (Table 1.1).
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Table 1.1.

List of tree hole parameters considered in modeling
Definition

Parameter

Value

Tree
Live
Diameter
(DBH)
Distance

Classified for both genus and species
Classify if tree was alive or dead
Recorded diameter at breast height to the nearest
1/10 cm
Distance from the line to the tree hole was
determined to the nearest 1/10 meter
north, south, The predominant direction the hole is facing, if the
hole was a function of multiple stems and did not
east, west,
have such direction, the orientation was recorded as
center
"center"
Right or left of the transect line, when directing
from south to north
Noted if the tree hole came from the loss of a tree
branch
Noted if the tree hole was on the 'knee' of a tree
where the remaining stem has grown in a different
direction than the base of the tree
bark, rot
Noted if the lining of the tree hole was bark or rot
pan, rot
Noted the likely formation of the tree hole, pans
appeared to have come from crowding of limbs that
formed a depression; rot holes lacked bark lining
and often contained mold or decaying bark
The diameter of the hole was horizontally measured
at the widest point on a horizontal line and recorded
to the nearest tenth of a centimeter
1-55 cm,
The depth was measured by inserting a thin metal
>55
rod through any detritus matter; results were
recorded to the nearest 0.1cm from 0-55 cm; depths
greater than 55.0 cm were recorded as >55
0-2.0 m
Recorded the vertical distance of the tree hole from
the ground to the base of the hole
Noted if there was standing water

Orientation

Orientation
to Line
Broken
Branch
Knee tree

Lining
Hole Type

Diameter

Depth

Height from
ground
Water
Present
Water Likely
Leaf Litter

dead, live

Noted if the hole had the capability to hold water of
any amount, based on visual identification
Noted if leaf litter was or was not present
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Estimation of Detection Probability

All data were input into JMP software, version 7.0.1. Initial analysis demonstrated
that tree holes detected declined as distance away from the transect line increased.
Consequently, a distance analysis was performed to correct for non-detection in
estimating abundance. All data were input into Program Distance version 5.0, version
2.0, release 2, for analysis and modeling (Thomas et al. 2006). The Multiple Covariates
Distance Sampling (MCDS) engine was chosen, as opposed to both Conventional
Distance Sampling and Mark-recapture Distance Sampling, so that non-detection could
be accounted by the inclusion of multiple covariates.
The detection probability was estimated by modeling ungrouped perpendicular
distance data using multiple covariate distance sampling (MCDS) approaches (Buckland
et al. 2001; Marques and Buckland 2003), to estimate the abundance of tree holes per
transect and per hectare. Multiple covariates of sampled variables (Table 1.1) were
included to determine the combination of covariates that determined the best model.
Prior to modeling, observations without associated distance were removed. Distances
that were not measured were most often due to observer's oversight. Transects that were
sampled and did not have any observations of tree holes were still included to give an
indication of effort, regardless of obj ect detection. Additional covariates were derived
from raw data to include multiple or single stemmed tree, the number of stems on the
location of the observation, and the basal area of each transect (1).
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a ABA = nx

BAF

n\
(1)

n= number trees tallied on eachplot, 3 points pertransect,
BAF=4m

Each species of tree within the sampled overstory was coded to be one of the five
following types: coniferous, hardwood, shade tolerant, shrub, or dead and the stand
percentage for tree type was calculated. The hardwood category encompassed all
deciduous species. Shrubs included witch hazel {Hamamelis virginiana), as it was sometimes
tallied in the prism cruising. The coniferous trees were separated into two categories,
those which would obscure the understory and thereby influence the detection of tree
holes and those with little shade tolerance and would not greatly influence detectability.
The shade tolerant category included the following coniferous species: balsam fir, black
spruce, pitch pine, red spruce, and sitka spruce. The non-shade tolerant category
included Atlantic white-cedar, eastern red-cedar, jack pine, and red pine. Each of the
distance values that represented an observed tree hole was then able to have associated
stand characteristics, such as basal area hardwood percentage, and shrub percentage.
I determined the orientation of each hole in relation to the observer while on the
line to be neutral (oriented north or south), away (oriented away from the line, i.e.
eastward when on the right side of the line), or toward the observer (i.e. westward when
on the right side of the line). Neutral orientation also included tree holes located in the
center of a multi-stemmed tree. Species and genus were not selected as possible
covariates because covariates were selected for input in the detection probability
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estimation in order to improve model detection probability. These values were excluded
because they were fixed effects and were not independent enough of stand selection.
Program Distance incorporated into the model via the scale parameter a (Marques
and Buckland 2003). The following covariates were included in the sample layer of the
model (i.e. the line transect layer): length of line, basal area, percent conifer, percent
dead, percent shrub, percent hardwood, and percent shade tolerant. The following
Covariates were included in the observational layer: diameter at breast height of the
primary stem, the number of stems of the observed tree, multiple or single stemmed tree,
the orientation of the hole (north, south, east, west, center), knee tree, broken branch, pan
or rot hole, the height from the ground, and the orientation of the hole in relation to the
observer on the line. The data filter was used to truncate all data points past a distance of
15m in either direction of the line, as this was the furthest distance at which data was
sampled, with the exception of a few outliers.
All possible combinations of the key function and series expansions in the MCSD
engine were analyzed with their associated covariates to determine the best possible
detection model (i.e. all possible combination of covariates). These models included the
half-normal and the hazard rate key functions and the cosine, simple polynomial, arid
hermite polynomial series expansions. Model selection was based on the combined
ability to integrate the resulting integral and Akaike's Information Criterion (AIC). The
integrals were averaged to calculate the overall detection value because the observations
were immobile and located on a tree, which gave four possible orientations when
perpendicular to the observer on the transect line - away from the observer, neutral to the
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observer both north and south, and toward the observer. Each of those orientations had to
be accounted for and then averaged to obtain the overall detection.
Optimal model selection is frequently based upon the lowest AIC, providing for
an objective and quantitative model (Buckland et al. 2001). The criterion for AIC is:

AIC = -2 loge (£) + 2q

(2)

L is the maximized likelihood and q is the number of estimated
parameters

The selected model was used to correct for non-detection in estimating abundance. The
overall probability of detection, as a function of the detectability parameter s with a
search distance truncation of co was estimated at,
p{s) = -?k{y)dy
co *

(3)

The formula for cumulative distribution function of normal distribution with zero means
(4)

F(x\s)=-\==[k{y)dy

(4)

was combined with the integral (5),
p(s) = ^[F(a\s)-F{0\s)]

(5)
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The selected model was integrated and then modified because the normal distribution is
symmetrical^).

p«=

s^iln
m

F(W\S)1

.V. .'

(6)

—

2

Abundance Estimation

The abundance of each observation was calculated at each of the orientation
levels (away, neutral, and toward the observer) and then averaged to obtain an overall
value that represented the combined integrals.
I calculated three different detection functions, one for each of the orientations. In
these detection functions, an associated scale parameter 's' value that had been
determined for that orientation was also used, as given by the final equation from
program Distance. The three different detection functions that had been calculated were
then used to generate three different p values, one for the toward orientation, one for the
away orientation, and one for the neutral orientation. A weighted p-average (7) was then
determined and used for final abundance estimates.
PA+2PN+PT

= p(s)

(7)
9

Abundance was determined on a per-hectare basis, 10,000m > and based on the area of a
sampled transect, 1200m2 (8).
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10,000m2/
V |=abundance
/1200m2 J

(8)

Final estimates were calculated to determine tree hole abundance on a per plot basis.
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Results

Detection Function
The MCDS engine from Program Distance generated two appropriate models for
estimating the detection function, one with a hazard rate key function (Rl) and one with a
half-normal key function (R2). Both of these models generated basal area, diameter at
breast height and the toward and away orientation as selected covariates.

-\y/^Am

k{y) = \-elx
k(y) = e[

'

J

(Rl)

/2s2)

(R2)

The hazard rate model had the lowest AIC of all models generated. However, the halfnormal model was selected as the most appropriate model due its low AIC value and its
ability to integrate and average all integrals of orientation and model the detection
function. The overall probability of detection, as a function of the detectability
parameter s, was found to be

p(s) = -[k(y)dy

=

- f e x p t ^\fy

This allowed integration of the half-normal function with the cumulative distribution.
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1

F[x\s) = —f=

r_v2>•!l

<* •"- -f —

exp —^V dy

and a combination of the integrals, with modification for F(w\s)= /^
P(S)

242n\^(A^i u
= ±^[F(4)-F(P\S)],

p(s)

,\±sj2p
CO

CO

v

' '

2

These formulas were calculated with the given values given by the generated half-normal
model from Program Distance and the generated half-normal model.

S = ,4(1)*

e(fi"U(2))+fcn(A(3y)ffcn(A(4))+fcn(A(5)))
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The observations each generated a value of detection that enabled three representative
values of s to be calculated and demonstrate high, medium, and low detectability (Fig.
1.3). These were based on the upper and lower quartiles and the mean of s.

x High Detectability

• Medium Detectability

• Low Detectability

Figure 1.3.
Detectability curves of high, medium, and low detectability
plotted against distance from line. S values 6.479, 5.802, 5.250.
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Abundance Estimates

A total of 828 tree holes were recorded within 47 study locations throughout the northeast
forests, and abundance estimates were calculated for tree holes following correction for
non-detection and are presented in Table 1.2.
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Table 1.2.
Summary of tree hole abundance estimated for stands after
correction for non-detection
Mean abundance
Total Area
Plot, con't
Study Site
Sampled (m2)
of tree holes per
hectare
42.04
8400
Bear Brook State Park Grid One
4800
19.32
Grid Two
Grid Three
3600
49.03
8.52
Bartlett Experimental Grid One
1200
Forest
6000
38.73
Grid Two
4800
28.07
Grid Three
Grid Four
9600
18.51
31.59
Grid Five
2400
Grid Six
4800
25.63
Grid Seven
9600
26.38
9600
24.91
Grid Eight
The Bowl
The Bowl
3600
163.12
9600
21.54
College Woods
4800
East Foss Farm
42.78
4800
Mendum's Ponds
22.08
Mount Agamenticus
Grid One
6000
26.66
Grid Two
8400
19.00
Grid Three
4800
15.52
Grid One
2400
20.95
Massabesic
Experimental Forest,
Grid Two
9600
15.74
Northern Unit
Nancy Brook
Res. NatT Area
6000
0
Grid One
Orris Falls
7200
38.22
7.42
Grid Two
2400
Pawtuckaway St. Park Grid One
4800
55.69
Grid Two
33.80
4800
Massabesic
Grid One
4800
42.04
Experimental Forest,
Grid Two
4800
35,29
Southern Unit
Grid Three
3600
55.17
Grid Four
4800
78.49
Grid Five
8400
21.85
Grid Six
2400
22.47
Thompson Farm
8400
15.81
Wachusett State
Grid One
4800
21.16
Reservation
Grid Two
6000
16.36
West Foss Farm
4800
20.75
•

'

•
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Table 1.2 Continued from page 29.

Study Site

Plot, con't

Total Area
Sampled (m )

Yale Myers Forest

Compt. 118
Compt. 138
Compt. 148
Compt. 22
Compt. 39
Compt. 66
Compt. 67
Compt. 88
Compt. 93
Camp Comp't
Tree Heaven
Chases Pond

3600
7200
3600
6000
6000
6000
6000
3600
3600
6000
6000
7200

York Water District
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Mean abundance
of tree holes per
hectare
20.16
38.44
99.45
77.63
47.05
92.93
61.94
33.67
47.66
53.93
67.72
30.68

Discussion

Detection Modeling
The use of line transects in distance sampling allow some objects to go undetected
at distances from the line and then calculates for non-detection so a major bias is not
incurred in the final density estimates (Buckland et al. 2001). However, several
assumptions must be met in order to obtain valid density estimates. The first assumption
is that all objects on the line or point are detected with certainty. The second assumption
is that all objects are detected at their initial location, and the third assumption is that
measurements are exact (Buckland et al. 2001). Other assumptions of distance sampling
include random location of straight transects, and no measurement error and
independence of sighting events (Anderson et al. 1979). Covariate inclusion is necessary
because, while traditional distance methods dictate the probability of detection of an
object depends solely on the perpendicular distance of the object from the transect line, in
practice many variables are likely to affect detection probability (Marques and Buckland
2003). Covariates are included to exclude stratification and eliminate heterogeneity in
data. Model selection is not always based on all covariates because convergence
problems can arise some of the samples (Marques and Buckland 2003).
. The overall probability of detection, as a function of the detectability parameter s,
was found to be modeled best by the half-normal key function with a cosine adjustment.
The model was made using the inclusion of four covariates that were most influential in
increasing or reducing detection. Basal area, determined as the sum of the eross^sectional
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areas of all stems in a stand measured at breast height and expressed per unit of land area
(Avery and Burkhart 2002), was a variable that reduced detection of the objects of
interest. The total basal area of all trees, per unit area is related to stand volume and
biomass and is a good measure of stand density and competition, and it was calculated
from the diameter of all trees in a set area (Husch et al. 2003). This is the most
influencing covariate within the model and demonstrates the influence forest composition
and density has on detection of an object. Tree diameter increased detectabilityy
suggesting observer sampling was influenced by the larger trees. Orientation of the
object of interest refuted the original belief that objects oriented toward the line would
increase detectability. Rather, orientation both toward and away the observer on the
transect line decreased the detectability of the objects of interest. However, objects were
detected during sampling by walking up and down the transect line in a north-south
trajectory. This means that objects that had a neutral orientation (facing north or facing
south) had a greater portion of line on which detection could occur (Figure 1.4), whereas
a toward orientation necessitate a much smaller line transect observer location.
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Line
Transect

Away

Toward Orientation

Figure 1.4. Depiction of area denoting 'toward' and 'away' orientation. The grey area
indicates the area at which neutral orientation would occur. Figure not to scale.
The hazard rate model had the same covariates as the half-normal model, but model
selection is necessitated by factors additional to the AIC value (Buckland et al. 1997).
This study does not make assumptions about distance sampling and methodology in other
forest types or regions in terms of covariate inclusion. This study provides a basis of
standard sampling and modeling applications that may be applied in other areas, but other
regionally specific studies should conduct their own distance modeling, as varying forest
compositions and species could generate a different models and covariates for inclusion.
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Abundance Estimates
This study presents one of the first tree-factor models of tree hole estimation.
Estimates of abundance presented in this study assumed that all observations were
recorded on the line.
The current literature does not provide a basic standard baseline for volume
composition or tree hole size or other tree-level factors influencing tree hole
demographics. As a result, there may be other covariates not sampled for and not
included in the analysis that could potentially influence modeling and detection function.
This in mind, the abundance estimates dependent upon the covariates selected, and other
sampling methodology may perhaps produce a different estimate.
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CHAPTER II

CLASSIFICATION AND ANALYSIS OF TREE HOLE OCCURRENCE IN A
NORTHEAST TEMPERATE FOREST SYSTEM

Introduction

Tree holes are defined as water filled depressions in live, standing trees (Fish 1982)
that harbor a community of insects and microorganisms (Walker et al. 1991) are
frequently used for ecosystem dynamic studies. They are a naturally occurring part of the
forest system, as they are formed through natural processes and subsequently destroyed
through fungi and other agencies by decomposition forces (Kirk and Cowling 1985).
Tree holes are of interest in disease vector ecology (Jenkins 1946; Yee 2006, Fish 1982;
Carpenter 1983), largely as habitat for vector-carrying mosquitoes (Finke et al. 1997;
Hawley 1985; Carpenter 1983; Schaefferetal. 2008). Tree holes have increased in
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importance in the past fifty years because in this time ecological literature has linked the
habitat focus of tree holes with disease vector transmission (Schaeffer et al. 2008; Ellis
2008). Tree holes are the primary breeding site for multiple disease vectors, most
frequently mosquitoes (Yanoviak 2001; Srivastava 2005), and the focus of vector disease
and tree hole interplay has been stressed in most papers incorporating tree holes (Jenkins
1946; Walker et al. 1991). The literature that has incorporated tree holes into research
studies and modeling has primarily focused on mosquitoes and other disease vectors in
predominantly tropical locations (Yanoviak 2001). However* no study has explicitly
examined tree hole occurrence according to specific genus or species of tree, tree-level
factors such as diameter at breast height, and the stand-level characteristics such as basal
area.
Interest in tree holes as habitat for important disease vectors arose in the midtwentieth century because the tree hole breeding mosquito Anopheles barberi was found
to experimentally carry malaria and Aedes triseriatus (commonly known as the eastern
tree hole mosquito and as Ochlerotatus triseriatus) was found to have laboratory
transmission of eastern equine encephalomyelitis and yellow fever (Jenkins 1946).
Present-day studies have dictated the need for more research on disease ecology and the
impacts of vector abundance because of both climate change patterns and global
warming. However, it is difficult to understand and quantify the effects of climate
variations on emergence and re-emergence of arbovirus diseases because epidemiological
processes are so complex and require synthesis of a variety of fields and research areas
(Schaeffer et al. 2008). Disease ecology research has utilized tree holes as a study site
and modeling agent because tree-hole breeding mosquitoes serve as vectors for diseases
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that are of public health concern and also because tree holes are useful for small-scale
habitat studies (Srivastava 2005). The understanding the abundances and influential
factors of tree holes, which have not been published, can contribute to understanding of
ecological studies and disease ecology.
Tree holes used in research have largely been based and referenced on definitions and
classifications from a 1971 foundational paper, which has become the basis for all
subsequent studies (Kitching 1971). This paper incorporates and mentions the few other
earlier definitions of tree holes, and provides greater depth and documents the most upto-date comprehensive and cohesive synopsis of tree holes. However, despite this paper
by Kitching and his other works that have utilized tree holes (Kitching 197.1; Kitching
1969; Kitching 1972) and the subsequent research of other individuals, there is a
consistent lack of documented literature detailing tree hole occurrence and its associated
elements. Most information about tree holes comes from tree holes used in tropical
studies (Yanoviak 2001), and thus is not applicable to forest stands, tree species, and tree
holes in other geographic areas. Tree holes were initially ordered as part of the
phytotelmata category, those of the plant held waters; this was then incorporated into
Kitching's defining paper and used in conjunction with his definition of "any cavity or
depression existing in or on a tree" (Kitching 1971). Subsequent research has offered
little deviation from these definitions. Tree holes are, however, to be differentiated from
both cavity trees and snags, which are dead or dying trees that are most often hollowed or
contain large hollowed spaces (Yamasaki and Leak 2006).
The early classification of tree holes resulted in two separate groupings that are
defined as a. function of their formation (Kitching 1971; Kitching 1972). These
••
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classifications have not been disputed or significantly re-evaluated in published literature,
but have been frequently incorporated into other studies that used, mentioned, or
referenced tree holes. Consequently, the following definitions and formations are from
Kitching's papers and are the most supported definitions to date. Pans are said to be
formed from the growing together of parts of a tree as a result of distortion from external
crowding; this classification is said to be dependent upon the tree's growth form for
occurrence. Kitching also attributed pan formation to the growth of particular species
when in particular circumstances, such as crowding, something he based on his studies of
European beech trees in stands where crowding influenced growth and tree formation
(Kitching 1971). Rot holes are said to require extrinsic agents for initiation, and these
holes originate from damage to the bark, such as penetration of a wound by fungi that
rots and enlarges until a tree hole is formed. The fissure may develop in different ways
depending on different circumstances, whereas the exterior hole may actually decrease in
size due to callus formation by the tree until it is completely cut off from the external
environment. Alternatively, it may remain connected to the exterior while increasing in
size as fungal rot spreads (Kitching 1971). The size and angle of the opening aid in
determining the amount of water and leaf litter entering a tree hole (Kitching 1987). Two
other researchers present tree hole formation as a result of saturation, but these are
isolated studies and not as widely referenced as the pan and rot hole definitions.
Mattingly (1969) classified tree holes according to their means of saturation into
two distinct groups. One group of tree holes are filled constantly with water drawn up by
the roots of the tree, and the other group is dependent on rainwater. Mattingly suggested
that the size of the opening and species of tree may affect constitution of the mosquito
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fauna (Mattingly 1969), which reinforces the continual focus and use of tree holes in
arboviral studies. One other study has suggested formation is dependent on the collection
of rainfall in rot holes or natural basins in the aboveground portion of the stem (Yanoviak
2001).
I am focused on tree-level factors, so this paper will deal with the more
commonly used classifications of pan and rot holes (Kitching 1971), which offer a more
structural characterization. Although Kitching's research (1969; 1971; 1972) provides
the basis for classifying tree hole types and formations, there are challenges associated
with his classifications and terminology that have not been fully investigated. While he
claims (Kitching 1971) that tree holes are most abundant on beech trees, his study was
conducted in a European beech (Fagus sylvatica) forest, and there is not a detailed
depiction of beech characteristics or statistical sampling. It is also not appropriate to
apply his results and statements to other geographic locales. Kitching's definition of pans
is limiting because he claims that pans are said to occur among branches and buttress
roots and are more common than rot holes (Kitching 1971). It is not clear if this is
merely an observed result of the European beech stands where most of his research was
conducted or he is defining a common characteristic of this category.
Greater understanding about tree hole formation and degradation can be enhanced
with greater information of both tree-level and stand-level characteristics. Tree species
are indicated to have importance and influence on tree holes and the early research of
Mattingly (1969) and Kitching (1969; 1971; 1972) does provide some information of tree
specifics and characteristics. This information is provided as a result of observations and
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is not from substantiated statistical analysis, which presents a problem for subsequent
research and validation of these claims.
Tree holes are a natural part of the forest system and are formed and degraded
through natural processes (Kirk and Cowling 1985). However, tree holes have not been
studied over a long duration of time because they are most often used within the context
of seasonal studies or are not the main focus of the study in which they are used. There is
no published information that examines how long tree holes last and how they develop
over time. Tree characteristics have also not been studied to fully understand the
structural characteristics of tree holes. Studies conducted in England reference beech
trees (Kitching 1971; Kitching 1972; Bradshaw and Holzapfel 1992). However, a study
in northeastern America studied tree holes and used oaks and maples (Barrera 1996).
Hardwood occurrence of tree holes is consistent through the literature (Bradshaw and
Holzapfel 1992; Kitching 1971; Paradise 2004; Fish and Carpenter 1982; Jenkins 1946),
but there is inconsistency in what species and genus are most commonly associated with
them. Another supporting statement for tree holes being commonly found in deciduous
tree is because the tree hole mosquito is dependent on the distribution of hardwood trees
(Jenkins 1946). Thus, tree holes are said to extend universally where hardwood trees
occur (Bradshaw 1992), but there is no sampling and statistical analysis of tree holes on
coniferous and hardwood trees to support these claims.
Certain species of trees are more prone to having branches broken, and variation in
decay may affect abundance of both tree holes and their associated mosquitoes (Jenkins
1946), but this has not been quantified for tree holes. Many researchers have stated that
more information is needed on where tree holes form. For example, Schaeffer et al.
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(2008) acknowledged the importance of tree holes for breeding site availability for the
Aedes mosquito genus, and the need to have this quantified. New developments or
further elaboration on old research have usually focused on the wildlife applications, but
never with forestry as the predominant topic.
Tree holes are often difficult to use as a study tool because there has not been a basis
for sampling or for locating holes for use in a study and, as a result of this, research that
has used them for model ecosystems has most often incorporated the use of artificial tree
holes, such as old tires or petri dishes. In the instances when natural tree holes were used
in studies, methodology on sampling and location was distinctly vague, stating only that
tree holes were ' located in forest stands' (Barrera 1995). This aquatic insect study
(Barrera 1995) was one of the only studies utilizing natural tree holes conducted in
eastern North America, and one of few in temperate forests. Another study used a tree
hole census, which yielded all rot holes, as based on the established Kitching
classification (Hawley 1985). Neither of these studies elaborated study site areas nor
provided an abundance estimate of their sampled tree holes.
Artificial tree holes have effectively been used to simulate natural tree holes in many
parts of the world and had rapid colonization by insects (Srivastava and Lawton 1998;
Fish 1982; Yee 2006). Natural tree hole contents, such as detritus, are sometimes
incorporated (Yee 2006), but these studies do not make it clear why the tree-level
characteristics are omitted. What has emerged in the literature are studies that utilize tree
holes as a study site, focusing on the internal contents — such as detritus and
macroinvertebrate populations - and the use of the tree hole as habitat, but do not
elucidate the tree species or hole type (i.e. pan or rot hole) (Fish and Carpenter 1982).
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Tree holes are of great importance in ecological and disease ecology disciplines and
are highly useful tools in many existing studies that do not depend on the tree-level or
stand characteristics. Tree holes are emerging as the most utilized phytotelmata for
modeling and ecosystem studies, and the breadth of ecological research has been
extended to include both mosquito and medical importance (Barrera 1996). The results
of such studies have helped with understanding in topics such as insect species variation
(Srivastava 2005; Yanoviak 2001), resource productivity (Kitching 1972, 1987),
community dynamics and structure (Barrera 1995; Ellis 2006; Bradshaw and Holzapfel
1988; Yanoviak 1999b), competition (Bradshaw and Holzapfel 1983 1992; Srivastava
1998), microcosm research, mosquito habitat (Carpenter 1982), and detrital studies
(Srivastava and Lawton 1998). Tree holes can be, and frequently are, used as modeling
agents for experimental studies of factors that determine the structure of communities
along latitudinal and longitudinal gradients (Barrera 1996). A community metadynamics
and resources partitioning study used tree holes to study mosquito inhabitants and the
conceptual models of metacommunities, incorporating patch dynamics, species sorting,
and mass effect (Ellis 2006; Ellis 2008). Other studies have used tree holes to examine
competition (Bradshaw 1992) and benthic detritivorous fauna (Carpenter 1983). A recent
study is one of the few that has utilized specific tree species in the context of their study
based on leaf litter type. Srivastava and Lawton (1998) performed their study in England
and studied the More Individuals Hypothesis, relating high species richness of productive
sites to ability of such sites to support large populations of each species. Understanding
tree-level characteristics will serve to enhance these existing studies.
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Detritus is the dominant energy base in terrestrial ecosystems (Yanoviak 1999b; Yee
2006; Carpenter 1983; Walker et al. 1991; Paradise 2004). Organic detritus, primarily
leaves, has been suggested by ecosystem models to be the organic carbon source for
growth of tree hole inhabitants (Walker et al. 1991). It is also the major factor affecting
growth and vigor of detritivore populations (Carpenter 1983). Faster degrading leaves
support greater mosquito productivity (Fish and Carpenter 1982), so there has been a
large focus in vector ecology to study detritus. The fungi and bacteria that coat leaves in
tree holes support a rich protozoan community (Srivastava and Lawton 1998), and the
macroinvertebrate community properties and mosquito development is influenced by the
composition of leaf litter in tree holes, which can presumably benefit from greater withinleaf nitrogen content (Yee 2006). Rapidly decaying sugar maple litter supports greater
biomass of mosquito larvae than do slowly decaying litters of beech and black oak
(Carpenter 1983). Faster degrading leaves tend to support greater mosquito productivity
(Fish and Carpenter 1982) and leaves degrade at species specific rates (Yanoviak 1999b),
but this research has not offered hypotheses or conclusions on what tree species have a
greater abundance of tree holes. A. triseriatus larvae is one of the predominant tree hole
mosquitoes that feed on leaf litter, and leaf litter is essential for its rapid development
(Paradise 2004; Yanoviak 1999b). Tree hole contents have been intensively studied,
which serves to emphasize the understudied tree-level characteristics. The detritus
content has been placed in a limited context with the types of tree holes. Pans and rot
holes are both found to collect leaf litter; rot holes are also found to contain partially
decomposing wood resulting from fungal rotting of the exposed surface. The partially
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decomposing wood is said to be lacking in pans because pans have an unbroken bark
lining (Kitching 1971).
Understanding how trees are wounded and subsequently decay is integral within
forest economics and is becoming more important for ecosystem health applications.
Damage to trees can have long-term consequences on wood quality and tree longevity
and wood products, which are influenced by the damage caused from wood-decay fungi
and bacteria in the wood of living trees, affecting the subsequent processing of wood
products (Leininger et al. 2001; Romero and Bolker 2008). The predominant focus of
decay in forest ecosystems has been on snags and cavity trees, as they are regarded as an
essential and natural component of forest ecosystems (Fan et al. 2003; Yamasaki and
Leak 2006), and tree holes and tree hole trees have not been included in these statements
or as a source of decay and damage to trees. The research that has been conducted on
snags and cavity trees can potentially serve as a good indicator of what types of factors
can be investigated regarding tree holes. The abundance of cavity trees in old-growth
forests has been studied, along with the factors associated with cavity tree abundance and
predicted relative frequency of cavity trees based on tree size, species and decay class
(Fan et al. 2003). Results from one study indicates that old-growth and second growth
forests' cavity distribution was dependent on tree diameter, species grouping, decay class
and crown ratio (Fan et al. 2003). However, these results were confined largely to
individual tree characteristics, and had little to do with environmental factors and standlevel attributes, but do demonstrate characteristics that are potentially useful for
application in tree hole research.
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Research Questions and Hypotheses

The major objective of my study were to understand both the tree-level and standlevel factors that influenced the abundance of tree holes New England forests. I also
wanted to substantiate existing literature classifications and definitions of tree hole types.
Hardwood and coniferous species have been found to have different decay rates due to
bark and cambium composition, and hardwoods may have both thinner bark and less
energy invested in defensive systems than do conifers (Morato and Martins 2006).
Consequently, I expected there to be a greater number of tree holes in hardwood species.
While there are no published data of this information on tree holes, there is research on
cavity trees, which claims that some tree species are found to be more prone to develop
cavities and hollows than others as a result of variations in the degree of resistance to fire,
timber durability and hardness, proneness to gall formation and branching, and the
resistance to physical and biochemical processes that lead to wood rotting and
decomposition (Morato and Martins 2006). Thus, it is likely that some tree species are
more vulnerable to tree holes than others for similar reasons. Tree holes are
predominantly categorized by their formation and classified as either rot holes or as pans.
I also studied what stand factors generated the greatest amount of tree holes. I
predicted that tree holes would have greater occurrence in stands that are medium aged.
Older stands would have more time to heal damage that would have caused a tree hole.
Also, young stands would not have had enough time to form a tree hole, whether from rot
invasion or pan formation as a result of crowding, as defined by Kitching( 1971). I
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expected that there will be a statistically higher number of tree holes in forests that have
passed into stem exclusion stage and beyond, as noted by basal area and the diameter at
breast height of the observed tree. There will likely be a much lower number of tree holes
in young stands, as these stands have both greater disease resistance and more energy
being input into growth that allows faster regeneration of wounds. As trees pass out of
stem exclusion they enter understory reinitiation, and these stands are likely to have a
greater number of tree holes because of the wind disturbance influences. This latter stage
is characterized by more light reaching the understory, the suppressed over story trees die
and the remaining trees become taller. These taller trees sway more in the wind and
collide more with neighboring trees causing their outer branches to be damaged and
branches to be lost (Oliver and Larson 1996). I suspect that branch loss to be a significant
source of tree holes, potentially due to this factor. Population structure, such as the
number of trees by size, decay class, and species, are some of the most likely factors to
influence tree hole occurrence. These factors affected the observed percentage of cavities
by species (Fan et al. 2003). While the decay class cannot be applied to this study as tree
holes were found on live trees, the other factors could be studied to determine their effect
on tree hole formation.
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Methods

Field Methods
The study site locations and field sampling methods are described in detail in the Chapter
I Methods section (pg. 10). All trees sampled at all 48 plots were included for analysis
in the data analysis. All sampling was performed from May through August, 2007.

Data Analysis

Abundance Modeling
The distance of the observation from the transect line influenced its detection.
Consequently, Program Distance was used to generate a half-normal cosine model to
account for non-detection (2.1) (Chapter 1.Results- equation 12).
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All trees sampled by prism cruising at each of the three points at each transect were then
weighted to represent all trees on a per hectare basis (2.2).
Trees/hectare' = V? (TI/40000) (DBH2)

(2.2)

Notes: (1) Prism cruise = BAF 4m
(2) Each transect consisted of three sample points
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Logistic regression

Mixed effects logistic regression was used for statistical analysis, which allowed
for the incorporation of fixed and random effects. Such a model allows for the prediction
of a discrete outcome, and the dependent or response variable is dichotomous. The
response variable was the presence or absence of a tree hole on a tree.
Table 2.1 lists the variables that were tested as possible tree hole predictors. A
mixed effects model denotes the inclusion of random effects, or those that are associated
with individual experimental units drawn from a larger population, and the inclusion of
fixed effects, or parameters associated with an entire population or certain repeatable
levels of experimental factors. A mixed-effects logistic regression model was created
using the lme4 (Bates et al. 2008) package within R Software, version 2.7.2 (R
Development Core Team 2008). The model used the plots as the fixed effects, and all
observations were weighted on a trees per hectare basis and included as random effects.
Initially, a full factorial model was fit with all possible variables that could influence tree
hole detection.
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Table 2.1. List of possible parameters included in the modeling
process
• -.•.;•.-...••'
, • .•• ' •
Parameter
Abbreviation
Definition
Tree hole
All trees were evaluated to have TH
Basal Area
Genus
Species

or not have a tree hole
The basal area (m2/ha) for each
stand was tabulated
All trees were identified to the
genus level
All trees were identified to
species level"
All trees were measured for
diameter at 1.37 m

BA
*
*

Diameter at
DBH
Breast height
Notes: * no abbreviation necessary
a
When identification to species level was not possible, trees were
identified to the genus level

Each parameter was then input into the mixed effects model to determine tree hole
detection based on a single variable. Lastly, the parameters were factored against each
other for all possible combinations that would influence tree hole detection. A null
regression was performed that was based solely on the presence or absence of tree holes.
For each model the AIC value was calculated and used to determine the best fit model.
Model selection was then based on the lowest AIC value (Akaike's Information
Criterion) (Pinheiro and Bates 2000).
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Further descriptive analysis was performed to examine other factors associated
with tree holes. Tree holes were categorized by Kitching's original definition (1971) into
pans and rot holes. These categories were based oh the definition of their formation and
classification was adhered to in this manner. The categories were then analyzed to
determine what had the greater likelihood of occurrence. The lining of the tree hole was
examined in conjunction with the aforementioned categories. The original definition did
not take into account possible healing processes of the tree and the possibility that over
time bark could heal over a hole that had been caused by damage to the tree. Thus, the
tree hole category is not to be confused with tree hole lining. The two categories were
defined predominantly by their formation, and not as much by their individual linings.
Rot holes, for example, occur from an injury to the bark, but do not take into
consideration the healing processes of the tree that may have reconstituted the bark of
what was originally a rot-lining, The presence or absence of leaf litter was recorded for
each observed tree hole, as well as the appearance of a tree hole originating from a
broken branch or branch loss. These variables were then evaluated for significance in the
number of tree holes and how a bark or rot lining was associated. The depth of all tree
holes was recorded up to 55cm and any depth exceeding this value was recorded as 55+
cm. Consequently, a nonpararftetric test was run to determine the significance of the
depth of the hole.
The dimensions of the tree holes, diameter and depth, were recorded and then
examined to determine how these variables were influenced by the height of the hole
from the ground and by the diameter of the tree at breast height. All tree holes were
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sampled within 2.0 meters of the ground. Tree hole occurrence was examined against the
height of hole from the ground. This was done with a nonparametric test.
Single stemmed and multiple-stemmed trees were also studied for influence on
the category of tree holes. The distributions of the diameter of all trees were analyzed
and then the distribution of tree holes trees and trees without holes were compared.
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Results

A total of 47 discrete stands were sampled for a total of 7533 trees. Trees were
almost always identified to species level, with a few exceptions that were identified only
to genus.
I used a mixed-effects logistic regression model to model the probability of tree
hole detection. The null model yielded the highest AIC value. Inclusion of tree species,
diameter at breast height, genus, and the stand basal area as fixed effects parameters
improved model fit. The best fit model contained three parameters, tree species, diameter
at breast height, and stand basal area (Table 2.2)arid gave the lowest AIC value. The
best fit model was obtained when species or genus and diameter at breast height were
input.

Table 2.2
Logistic models and associated AIC values
based on their included parameters.
AIC value
Model of Parameters
AAIC
Species, DBH, Basal Area
102689
0
Species, DBH
103095
406
Genus, DBH, Basal Area
104260
1571
Species
2551
105240
106946
Genus
4257
DBH
118477
15788
Basal Area
120819
18130
121142
No parameters included
18453

The detection model developed in Chapter I was used to calculate the number of tree hole
trees per hectare. The trees that were sampled by prism points were also calculated per
•
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hectare and these combined results to determine how many hardwoods and how many
conifers were sampled overall. Table 2.3 presents the total number of all trees sampled
by genera and species, as well as how many tree holes were sampled. There were
393,930 hardwoods estimated and 202,384 conifers estimated in the selected stands, after
correction for non-detection and calculation on a per-hectare basis. Almost every genus
of hardwood trees was found to have tree holes. Of the 202384 conifers estimated, most
did not have tree holes, except for hemlocks, white pine and balsam fir. There were a
higher number of hardwoods sampled than conifers, due to the hardwood-dominated
forests of the Northeast.
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Table 2.3.
Estimate of sampled trees and identified tree holes by genus and species after correction for non-detection.
Trees were identified to genus level when species identification was not possible. Estimates are an average per plot.
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Genus/Species
Paper Birch
Betula papynfera
Pin Cherry
Prunus pensylvanica
Pignut Hickory
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Continued from pg. 55.

Genus/Species
YellowBirch
Betula allegnaniensis
Yellow Poplar
Liriodendron tulipifera
Shrub (Witch hazel)
Hamamehs Virgimana

Table 2.3.
Hardwood
TH1
Total2

Percent3

The best fit mixed-effects model gave Maples as the genus most likely to form
tree holes; sugar maple was the best fit species, followed by red maple. Red oaks were
less likely than American beech to form tree holes. The diameter at breast height of the
observed also played a significant role in the propensity of a tree to form tree holes, as
does the basal area of the stand.
Sampling for tree holes was strictly adhered to as per the Kitching definition
(1971), so striped maples were included in the observation of tree holes because their
stem growth often yielded areas of evident branch loss and the subsequent formation of a
tree hole. These tree holes were, based on visual observation, most often lacking adequate
depth and diameter to form rot, contain leaf litter, and fill with water.
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Table 2.4.
Logistic regression results of all observed tree species and resulting values
after a mixed-effect analysis.
Interceptb
American Elm
Atlantic White Cedar
Black Birch
Black Cherry
Balsam Fir
Black Oak
Basswood
American Basswood
Chestnut Oak
Snag
Eastern Red Cedar
Green Ash
Grey Birch
Hemlock
,
Hickory
Jack Pine
Maple
Mockernut Hickory
Mountain Maple
Mountain Oak
Muscle Wood
Paper Birch
Pin Cherry
Pignut Hickory
Poplar3
Pitch Pine
Quaking Aspen
Red Maple
Red Oak
Red Pine
Red Spruce
Shagbark Hickory
Shrub
Sugar Maple
Snag
Sitka Spruce
Spruce3
Striped maple
Sumac
Swamp White Oak
White Ash
White Birch
Witchazel

Estimate
-4.720e+00

Std. Error
1.365e-01

Z value
-34.58

-4.392e-01

1.863e-01

-2.36

-1.585e+01
-1.123e+00
4.942e-02
-2.841e+00
-9.461e-01
-1.696e+01
-1.526e+01
4.333e-01
-2.993e+00
-1.525e+01
6.734e-01
-1.640e+00
-2.243e+00
-1.528e+01
-1.584e+01
2.087e+01
-1.543e+01
-1.670e+01
-1.564e+01
2.218e-01
-2.146e-01
-4.570e+00
-1.484e+00
2.124e+01
-1.541e+01
4.604e+00
7.266e-01
-7.245e-01
-1.551e+01
-1.552e+01
-2.194e+00
1.888e+00
1.464e-01
-1.505e+01
-1.654e+01
-1.662e+01
8.138e-01
-1.591e+01
-1.516e+01
-6.529e-01
-1.194e+00
-1.042e+00

4.788e+02
5.831e-02
1.073e-01
2.083e-01
1.147e-01
3.020e+02
4.316e+02
1.821e-01
1.784e-01
3.105e+02
1.541e-01
2.083e-01
4.869e-02
5.397e+02
1.176e+03
1.016e+03
1.482e+03
1.151e+03
1.603e+03
7.900e-02
6.857e-02
3.029e-0l
1.507e-01
1.043e+03
3.039e+02
3.129e-01
2.972e-02
4.999e-02
2.541e+02
1.293e+02
1.747e-01
2.589e-01
4.480e-02
7.134e+02
2.547e+02
9.590e+02
1.577e-01
8.706e+02
2.014e+03
1.050e-01
1.414e-01
8.196e-02

-0.03
-19.26
0.46
-13.64
-8.25
-0.06
-0.04
2.38
-16.78
-0.05
4.37
-7.87
-46.06
-0.03
-0.01
0.02
-0.01
-0.01
-0.01
2.81
-3.13
-15.09
-9.85
0.02
-0.05
-5.13
24.45
-14.49
-0.06
-0.12
-12.55
7.29
3.27
-0.02
-0.06
-0.02
5.16
-0.02
-0.01
-6.22
-8.44
-12.71
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Pr(>|z|)
<2e-16***
0.0183
91*
0.973597
<2e-16***
0.645007
<2e-16 ***
<2e-16***
0.955213
0.971800 *
0.017367*
<2e-16 ***
0.960824
1.24e-05 ***
3.44e-15 ***
<2e-16***
0.977417
0.989252
0.983610
0.991694
0.988424
0.992219
0.004983 **
0.001751 **
<2e-16***
<2e-16***
0.983744
0.959543
2.97e-07 ***
<2e-16 ***
<2e-16 ***
0.951313
0.904471
<2e-l6 ***
3.04e-13***
0.001082 **
0.983165
0.948237
0.986174
2.45e-07 ***
0.985415
0.993993
5.12e-10***
<2e-16 ***
<2e-16 ***

Table 2.4.

Continued from pg 58.

White Oak
White Pine
Yellow Birch
Yellow Poplar
DBH
Basal Area

Estimate
-2.648e-01
-3.963e+00
5.158e-02
-1.509e+01
3.855e-02
2.062e-02

Std. Error
6.875e-02
1.311e-01
5.249e-02
5.633e+02
8.007e-04
1.017e-03

Z value
-3.85
-30.23
0.98
-0.03
48.15
20.27

Pr(>|z|)
0.000117***
<2e-16***
0.325764
0.978634
<2e-16***
<2e-16 ***'

Notes: a Genus level of tree because further identification was not possible
b
American beech was used as a value for the intercept; i.e. the reference species
There were a higher percentage of rot holes than pans (57% and 32%,
respectively). Not all tree holes could be identified as fitting into these categories based
on their defining characteristics (~ 10%), because of unsafe sampling conditions that
prohibited full collection of all variables or because of obstacles that prohibited data
collection (wildlife obstruction). I used a contingency analysis to determine how tree
hole category influenced the lining of the tree hole. Both categories were significantly
more likely to develop a rot lining (DF= 6, p= 0.000).
All tree holes were examined for the presence or absence of leaf litter in relation
to the category of tree holes with Pearson's test. Overall, there were significantly more
rot holes than pans and the rot holes had a much higher occurrence of leaf litter than did
pans(DF=9,p= O.OOl).
Each tree hole was noted if it appeared to come from a branch loss. I cannot
make assumptions about how branch loss occurred, whether through pruning,
anthropogenic disturbance, or natural disturbances. I used a logistic regression to
determine how diameter of the tree corresponded to a tree hole from branch loss. As the
diameter of the tree increased, the number of tree holes from branch loss significantly
increased (DF=3,/? <0001). Subsequently, I tested the type of tree hole that occurred
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when there was a broken branch using a Pearson's test and found that in the event of a
branch loss a rot hole was most likely to occur (DF= 9,p = 0.0000). Rot holes were the
most common category of tree holes associated with broken branches. Of the 67.42% of
tree holes with a rot lining, 40.0% of them originated from a broken branch.
The presence or absence of water was noted with each tree hole observation. This
was based on visual observation. Ninety-three percent (93%) of all tree holes observed
did not contain any water, six (6%) percent did contain water, with the remaining percent
unknown due to depth of hole or because of obstruction of visual observation.. The depth
of the tree hole did not significantly influence water presence.
The dimensions of each tree hole, depth and dimension, were recorded and
analyzed in relation to the diameter at breast height of the tree with a bivariate analysis.
A distribution of the analysis of diameter gave a mean of 6.72 cm (SD = 26.15) and the
distribution of depth with a mean of 11.96cm (SD = 39.66). A logistic analysis was used
to determine if the dimensions of the tree hole had a significant effect on leaf litter
presence. Both diameter and depth of the tree hole influenced leaf litter presence in
similar manners. Smaller diameter tree holes had a greater propensity for leaf litter (DF =
3, p'= 0.000), as did lesser depths of tree holes (DF = 3, p < 0.0001).
All sampling occurred between 0-2.0 meters of the ground. Analysis of height of
the tree hole from the ground was performed with a nonparametric test. Tree hole
occurrence was not significant to the height of tree hole above the ground, within the
confines of the sampling area. Each tree on which an observation was made was noted to
have multiple or single stems. This was then examined to see how it would influence the
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category of tree hole, pan or rot. Multiple stemmed trees were more likely to form pans
and single stemmed trees were more likely to form rot holes (DF= 6,p = 0.000)
The distribution of tree diameter was studied for trees without tree holes and with
tree holes. The diameter of the tree hole was then examined at to see how it was
correlated with the category of tree hole. A one-way ANOVA was used to examine the
existence of tree holes based on diameter at breast height, which found that tree holes
were significantly influenced by the DBH (p < .0001 *; DF= 1). The mean DBH of all
trees with tree holes was 18.65 (SD = 88.16) and the mean for trees without tree holes
was 30.64 (SD= 118.151).
Tree species with a diameter of 5-15cm had the highest occurrence of tree holes.
There were tree holes found on trees ranging in diameter from 1.8cm to 91.9cm. A
logistic fit was performed to determine how the diameter at breast height influenced the
category of tree hole. This showed that there was a significant difference in the type of
tree hole formed - pan or rot hole - according the to diameter (DF= 3, p = .0001 *). An
increased diameter of the tree increased the likelihood of formation of a rot hole.
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Discussion

Tree holes were found almost exclusively on hardwood trees, supporting both my
original hypothesis and the supporting literature conjectures. Nearly all hardwood
species had tree holes, and maples were the most likely genus of trees, as tree holes were
found in striped maple, sugar maple, and red maple. Three species of conifer trees were
found to have tree holes, which show that conifers do have the ability to develop tree
holes. The mixed-effects logistic regression model showed that tree species, basal area,
and diameter at breast height were the most influential variables in predicting tree hole
occurrence.
These results are supportive of my original expectations that both tree-level and
stand-level characteristics influence tree hole occurrence. The best fit model included
species as an important variable, and the other models with low AIC values included both
species and genus as important variables. Striped maples had the highest occurrence of
tree holes, based on the mixed-effect logistic model, which was not the hardwood species
I expected. Striped maple is a very shade tolerant species with a diameter generally of
about 5-20 cm (Huggestt et al. 2007). However, sampling for tree holes was strictly
adhered to as per Kitching's definition (1971), so this species was frequently included in
the observation of tree holes because their growth form and apparent branch formation
produced a tree hole. I have reservations about substantiating tree hole literature with
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this particular species because of its traditional characteristics, such as small diameter and
predominant understory role. This may be problematic for fulfillment of the tree hole
definition, which characterizes tree holes as having the ability to hold water, leaf litter,
and microorganism communities.
The results of my study show that hardwoods are the most likely to form tree
holes, even though there are some occurrences in conifers. There is a strong difference
in the bark of hardwoods and conifers; they differ in the chemistry and structure of their
leaves, bark, and wood composition and thus provide resources differently (Bunnell et al.
2002). Hardwood bark is more susceptible to invasion from outside agents and conifer
bark is more resistant, which is likely why hardwoods have a greater propensity for tree
holes. The bark of many hardwood species is relatively rich in nutrients and has a higher
pH than most conifer bark, which make it the preferred substrate for epiphytic bryophytes
and lichens. Hardwoods also have a thinner bark than do conifers, and invest less energy
in the production of secondary compounds that would otherwise deflect herbivory
(Bunnell et al. 2002). Additionally, hardwoods provide smaller amounts of resins and
toxic extractives that combat decay fungi (Bunnel et al. 2002), and are likely to provide
potential cavity sites at younger ages than are conifers. Smaller wounds are more likely to
provide an entryway for fungi on thinner bark (Bunnel et al. 2002). The combined
factors of thinner bark and the greater nutrients in the bark make hardwoods more
predisposed to form tree holes. Tree holes form from the decay of tissues, which is
usually initiated by wounding or discoloration. With thinner bark and bark that is
preferred by organisms, there is a greater likelihood that a wound on a hardwood will
initiate a tree hole than the same wound on a conifer. Survival after an injury is more
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likely to occur within trees and species that invest greater energy into a thicker bark and a
hardwood that is enriched with wood-preserving chemicals (Bunnell et al. 2002).
Conifers are both more durable than hardwood logs (Bunnell etal. 2002) and are
longer lived than most hardwoods (Franceschi et al. 2005). The bark of tree species is
rich in organic nutrients and is a target for many different organisms, such as insects,
vertebrates, fungi and bacteria, and the basic function of bark defenses is to protect the
nutrient and energy-rich phloem (Franceschi et al. 2005). Conifer defense systems lie
largely within the bark and stem and consist mostly of the periderm and secondary
phloem. Conifers have mechanical and chemical defenses, and can utilize additional
defenses upon damage to the bark (Franceschi et al. 2005). Damage causes discoloration
that develops around wounds, which results from resin penetrating the cells around a
wound and preventing the entrance of air and microorganisms (Houston 1971). These
defenses allow for less intrusion into the bark, which explains why conifers were less
likely to form tree holes than hardwoods.
Laboratory and field microcosms are not completely equivalent to pans in that
laboratory experiments lack a bark lining (Walker et al. 1991) making it necessary and
important to understand the relative abundance of pans and of rot holes as a category, as
well as examining their lining. The effect of bark on mosquito growth and other
processes in pans has yet to be determined, but bark does provide a substrate with a large
surface area for microbial growth and for mosquito larvae browsing (Walker et al. 1991).
I looked at the lining of the categories of pans and rot holes to determine if there was
consistency in these definitions. Kitching had stated that pans contained an unbroken
bark lining (1971), but I found the category of pans to be more likely to develop a rot
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lining. This could be a result of the tree hole filling with leaf litter that allowed
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subsequent microbial growth and resulted in the rotting of the lining of the pan. So, while
pans may initially had an unbroken bark lining, they developed a rot lining over time.
Branch loss was a significant factor in tree hole occurrence, indicating that broken
branches are likely to play an important role in their formation. Both pans and rot holes
formed from branch loss, with rot holes having the greater incidence. I cannot determine
how branch loss occurred, as my research was conducted over the course of only one
season. Senescent branches are a common entry point for decay fungi (Deflorio et al.
2007), which reinforces the predominant rot hole occurrence of tree holes. However, it is
likely that tree response to wood-decaying fungi will initiate a compartmentalization
process of tree defenses and tree holes will not always be able to penetrate deep into the
stem and heartwood of the tree (Deflorio et al. 2007), which is why not every lost branch
forms a tree hole.
Branch stubs are a major point of decay initialization in living trees (Deflorio et
al. 2007), as the branch stub exposes the wood of living trees and make the tree
susceptible to colonization by bacteria and fungi that subsequently degrade wood (Shortle
1970). This makes branch loss a likely cause of rot invasion and subsequent tree hole
formation. Branch stubs are seen as minor wounds and originate from branches that
decayed or broke off the tree, leaving a stub external to the stem. Higher phenols found in
the healthy sapwood of branches may also account for greater resistance of branches to
decay (Deflorio et al. 2007). Branch stubs often determine differences in tree responses to
injury.
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I did not study how branch loss occurred, but almost all of my stands had been
subjected to various forms of human disturbance in terms of management, recreation,
logging, and historical uses. Anthropogenic causes of branch loss can occur from
windthrow or from Cutting of trees and falling branches from overstory trees can cause
residual damage to understory and mid-story trees, which results in branch breakage or
stem scarring (Wallis and Morrison 1975). Decay has been found to develop more in
stem wounds than in pruned branches and facilitates faster wood decay (Deflorio etal.
2007), so tree holes are more likely to occur in stands that had such anthropogenic or
natural disturbance. Broken branches yielded a significantly higher number of rot lined
holes than bark lined holes. However, there were some tree holes that appeared to come
from broken branches but had an unbroken pari lining, consistent with the definition of a
pan. This could have happened from the healing processes of the tree. Healing rates are
strongly influenced by the length of the branch stub remaining after branch pruning
(Neely 1970), and the probability and severity of fungal infection has been found to
diminish with increased wound healing (Huggestt et al. 2007).
There were not a significant number of tree holes sampled that contained water.
This is, however, a potential result of the sampling methodology or a result of the tree
hole characteristics. However, the lack of water in tree holes demonstrates that the
literature that defines tree holes as water-filled depressions (Fish 1982) is not sufficient or
is too narrowly focused. Field sampling was conducted from late-May through August
and the seasonal and climatic patterns could have influenced water presence. Field
sampling during the primary growing season of the months of March through May could
have produced different results if stemflow and rainfall were more prominent and
.
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provided greater water amounts in the tree hole. Water presence is likely to be influenced
by seasonal temperatures, humidity, and rainfall, all variables that were not tested or
noted in this study. Earlier literature on tree holes (Kitching 1971; Mattingly 1969) says
that water presence can be influenced by pans or rot holes, as water in rot holes comes
almost entirely from the tree itself and some stemflow depending on the hole. In contrast,
pans receive their water entirely from stemflow (Kitching 1971), a significant influencing
factor for tree hole inhabitant studies because stem flow carries inorganic ions into tree
holes and these ions then serve as a nutrient resource for microorganisms (Walker et al.
1991).
The depth and diameter of the tree hole were variables examined because existing
literature supports these as being important characteristics, especially in for detrital input.
The amount of leaf litter falling into a tree hole is correlated with the area of the tree hole
opening (Walker et al. 1991; Paradise 2004), and leaf litter is a highly important substrate
for mosquitoes (Walker et al. 1991). The leaf litter that enters a hole is most likely to
come from the tree on which the hole is located. Modeling of tree holes in temperate
regions suggest that organic detritus such as leaves provides the major organic carbon
source for growth of tree hole inhabitants (Walker et al. 1991). Thus, understanding the
diameter and depth of the tree hole will shed light on research looking at the ability of
detritus to enter a tree hole. Hardwood leaves are of special importance because they
degrade into a digestible littler that supports arthropod fauna (Bunnell et al. 2002).
Maple leaf litter is a superior substrate for Aedes triseriatus mosquito larvae because
these leaves decayed the most rapidly and supported the densest growth of microbes.
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Mosquito yield was poorest on oak, which decomposed relatively slowly and supported
the sparsest growth of microbes (Fish 1982).
All sampling occurred within 2.0 meters of the ground. Within this range the
height of the tree hole above the ground was not a significant variable influencing tree
hole occurrence. Even though this was not a significant variable, tree holes were most
strongly detected between 0-1 m above the ground and in the range of l-2m above ground
the occurrence of tree holes declined sharply. This research does not make it clear if
these results are due to observer bias or to tree hole occurrence. Additionally, sampling
did not extend into the crown of the tree, so there may have been tree holes occurring in
the canopy. Tree holes were recorded to occur in the location of branch loss or on the
stem of a tree, as within the 2.0 meters of the ground. This may be a result of wounding
occurring below 1.0 meters from various silvicultural practices or stem damage (Shortle
and Cowling 1978). Also, the tree may have invested more energy into repairing tree
holes higher into its canopy. Height of the hole did not appear to influence either the
depth or the diameter of the hole, but the depth was only measured up to 55 cm. Any
influence that height of the hole above the ground has on the depth greater than 55cm was
not measured.
Tree holes occurred in trees that were mostly 15-20cm in diameter, which shows
that as trees age they become more susceptible to tree holes, but this then declines as
trees grow larger and age. The Bowl and Wachusett State Reservation are two old-growth
stands of New England that I sampled; these areas largely escaped destruction from the
1938 hurricane and logging practices (Schwarz et al. 2001). The sampled stands on
Wachusett Mountain contained isolated pockets of old-growth were dominated by
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hardwood species composition (Orwig et al. 2001). Hardwood trees within these stands
of the Bowl and Wachusett had trees over 400 years of age and were of the largest
diameters. These stands had a substantially lower number of tree holes. It is likely that
any damage to these trees has healed over time. Also, fewer tree holes were found in
smallest diameter stems, with the exception being striped maple.

Management Applications

Forest managers need more information about management activity that affects
the quality of individual trees to ensure tree quality (Shigo 1996). Timber management
practices in various areas of New England have used various logging devices and the
harvesting equipment has the potential to cause damage to standing trees, such as basal
wounds, broken branches, and broken tops. There is the potential for both tree quality
degradation and volume loss if decay organisms become involved and larger trees have a
greater likelihood of undergoing damage (Ostrofsky 1986). Decay of living trees has
been found to be the most destructive agent of hardwood timber in the southern US
(Shortle and Cowling 1978). The difference in damages between sites was likely a
reflection of species that comprised the stand (Ostrofsky 1986). The volume and grade
recovery of products manufactured from dead timber can be influenced by the presence
of sapwood decay, stains, weather checks, and insect borer damage (Aho 1984). Logging
damage usually occurs on the lower part of a trunk and wound decay in a tree then effects
the most valuable timber (Vasiliauskas 1998). Logging causes wounds and damage.
Skidding wounds have been found to cause value loss in sugar maple and yellow birch.
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This has caused a value loss in logs and lumber primarily in volume and the strongest
loss in quality (Holdenrieder et al.2004). The wounds that are caused by logging have a
direct influence on the ultimate tree value. Skidding wounds are an important means of
entry for organisms that cause decay and discoloration (Holdenrieder et al.2004).
Selection cutting, thinning and regeneration cuts cause skidding injuries to the residual
stand (Holdenrieder et al.2004). Windthrow can be one consequence of thinning,
especially within the 3-5 years following the treatment (Harrington et al. 2005). Logging
has expected branch breakage and occasional stem scaring that are associated with timber
falling and extraction (Wallis and Morrison 1975). These types of disturbances
demonstrate the possible anthropogenic factors that influence tree hole occurrence.
However, the results of my study also demonstrate that larger trees have fewer tree holes,
which is an indication that there are likely healing processes occurring over time that
influence tree hole occurrences.
The results of this study are most strongly applicable to the northeast United
States. The conclusions drawn about tree holes, their properties, and the factors that
influence their occurrence are most applicable to the Northeastern United States. Broad
application of this study is not the most appropriate because hardwoods and species
composition varies across geographic locales. Climate change may cause a northern
spread of deciduous tree species, including those that are most prone to tree holes. There
are many other isolated factors that could influence tree holes, which are not fully known
and were not studied. This research is intended to provide a review of the current
literature and provide a more in-depth and comprehensive understanding of tree holes
than the current literature provides.
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CONCLUSION

There is no current documented standard for tree hole sampling. Existing studies
demonstrate that there is a high degree of inconsistency in how tree holes are sampled or
found for utilization in methodology, which makes this study useful in generating a
standard for use in future studies using tree holes. Using distance sampling in a forestryspecific study proved it has applications beyond the current wildlife usages. Researchers
attempting to utilize natural tree holes in their studies can use the methodology
substantiated in Chapter I. It will help those who use artificial tree holes because of the
difficulty in locating actual ones in forest stands.
The results of Chapter II support the existing literatures conjectures and assertions
that tree holes are most commonly found in hardwood trees. However, these results are
applicable within the northeastern forests of the US and other regions and other climates
support a different species composition, which may give different species predictors.
These two factors make this study both spatially and temporally to a specific region.
Understanding tree hole occurrence and formation is useful for microcosm research and
has future applications in patterning vector-borne infectious diseases in northeastern
temperate climates. This study gives greater insight to pre-existing categories and builds
on both the existing classifications and definitions.
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